Escherichia coli is currently unable to be reliably differentiated from Shigella species by routine matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) analysis. In the present study, a reliable and rapid identification method was established for Escherichia coli and Shigella species based on a short-term high-lactose culture using MALDI-TOF MS and artificial neural networks (ANN).
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Introduction
Matrix assisted laser desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS) is a fast and cost-effective method for bacterial identification, and it is used routinely in many laboratories and clinical testing organizations [1] [2] [3] . Although standard mass spectrum database-based MALDI-TOF MS can identify thousands of bacterial species, Escherichia coli (E. coli), the most common bacteria in clinical practice, is currently unable to be reliably differentiated from Shigella by routine MALDI-TOF MS analysis [4] . Because the E. coli and Shigella species are closely related and they both belong to the family Enterobacteriaceae, their MS spectra are very similar to each other. The MALDI-TOF MS identification results can be only reported as E. coli/Shigella species, which challenges the entity separation and rapid identification in epidemiology and clinical diseases [5] .
E. coli and Shigella species are classified as separate species based on their biochemical characteristics and clinical relevance [6, 7] . Assessing the biochemical characteristics and serotyping are commonly used for the identification of E. coli and Shigella species to obtain accurate results. These approaches are classical and reliable, but may have a suboptimal diagnostic performance.
The accurate identification of E. coli and Shigella species isolated from the clinical sample is urgently required for clinical diagnostics and public health. In this study, we present a novel short-term culture approach that is combined a MALDI-TOF MS analysis method to realize the accurate and reliable identification of E. coli and Shigella species.
Materials and methods

Bacterial strains
A total of 23 bacterial strains identified by a consensus approach of biochemical and 16S rRNA gene sequencing was selected for the experiment, which covered all the common Escherichia and Shigella species (See supporting information).
Culture and sample preparation
The strains were grown on commercial tryptic soy agar (Huankai microbial, Guangzhou, China) at 35˚C for 24 h to obtain fresh colonies. The strain colonies were inoculated into our in-house developed high-lactose fluid medium and were incubated at 35˚C for 2 h (Fig 1) . The colonies on tryptic soy agar and the bacterial suspension in the fluid medium were prepared before the MALDI-TOF MS analysis (See supporting information).
MALDI-TOF MS data acquisition
The MS analyses and MS/MS analyses were performed using a 4800 Plus MALDI-TOF MS (AB Sciex, Redwood City, US) and an Autoflex maX MALDI-TOF/TOF system (Bruker Daltonik GmbH, Bremen, Germany). The MS spectra were acquired in linear positive-ionization mode. Afterwards, the target MS peak was selected for the MS/MS analysis in a reflector mode. The MS/MS spectra were interpreted primarily with the FlexAnalysis TM software (Bruker Daltonics, Bremen, Germany) (See supporting information).
Protein identification
The protein database searches were performed with MASCOT version 2.5 (Matrix Science, London, UK) and BioTools 3.2 software (Bruker Daltonics, Bremen, Germany) against the Swiss-Prot database for protein identification (See supporting information).
Bacterial identification using artificial neural networks
Back propagation neural networks (BPNN), a frequently used artificial neural network, was employed to recognize the classification of the target bacteria, and this was performed in Matlab TM software R2015b (MathWorks, Redick, USA) (See supporting information). 
Results
Comparison of the spectra in the different culture conditions
As shown in Fig 2, the spectra from E. coli strains obtained from the tryptic soy agar culture condition contained 27 fully conserved MS peaks, which were also shared with most of the E. coli strains. Analogously, the 27 MS peaks described above were also observed in the spectra of most of the Shigella strains. There was no significant differential peak between the spectra from the E. coli strains and the Shigella strains, leading an inability to identify them using MALDI-TOF MS (S1 Fig The relative intensity of the MS peak was categorized using Hierarchical Clustering Explorer 3.0. Blocks, with a relative intensity equal to 0 shown in black; blocks with a relative intensity less than 10% are shown in dark green; blocks with a relative intensity between 10% to 100% are shown in bright green. E., Escherichia; Sh., Shigella.
https://doi.org/10.1371/journal.pone.0222636.g002
Identification of new characteristic MS peaks
As shown in Table 1 , six of the seven new characteristic MS peaks were successfully identified both by the amino acid sequence and by the type of protein. By searching the protein databases, these amino acid sequences belonged to acid shock protein, which indicated that the new characteristic peaks were fragments of acid shock protein. Because of the acid shock protein mutation, the molecular weights of the matched protein were different, and the new characteristic MS peaks had similar mass-to-charge ratios.
Adding a short-term high-lactose culture approach benefits back propagation neural networks classification modelling
Data sets 1 and 2, with the same matrix size of 12350×12396, were processed with the isomap algorithm to reduce their dimensionality from 12396 to 2048. As shown in Fig 3A, after the dimensionality reduction, Data set 1 obviously separated into two clusters, with E. coli group and Shigella group labels. Whereas Data set 2 was not clustered with satisfaction. The results . There was an extremely remarkable difference between two accuracy results, which were compared with a t-test (p < 0.001) ( Fig 3C) . These results suggested that BPNN model I was significantly improved when a short-term high-lactose culture approach was added before the MS analysis.
Discussion
Most E. coli strains are part of the normal gut flora, whereas the Shigella species are considered to be pathogenic bacteria. The Shigella species has been separated from E. coli strains, as a requirement for clinical diagnostics, using biochemical methods and serological techniques, since the first Shigella species were discovered in 1898 [8] . A series of distinct phenotypic and biochemical characteristics-based laboratory methods are commonly used to distinguish them, which are currently not efficient enough to satisfy the diagnostic requirements. By comparing genomes and housekeeping genes, the E. coli and Shigella species are be considered to be part of the same phylogenetic continuum rather than clearly distinct species. The nuances, at the molecular level, between the E. coli and Shigella species lead to an indistinguishableness by routine sequencing of the 16S rRNA gene and MALDI-TOF MS-based identification [8] . The MALDI-TOF MS technique is a highly cost-effective and time-efficient way to identify bacteria [9] [10] [11] . Due to their close relatedness, the spectra of E. coli and Shigella species have a high degree of similarity. In our investigation, the E. coli and Shigella species shared 27 main characteristic MS peaks and had no significantly differentiated MS peaks. A routine MALDI--TOF MS analysis for the identification of E. coli and Shigella species is difficult. A recent study showed that a specialized automated system, based on an analysis of selective biomarker MS peaks in the spectra, using Biotyper software followed by an analysis with FlexAnalysis and ClinProTools software for the identification of E. coli and Shigella species, was better than traditional techniques, including an automated microbiology identification system and serotyping [12] . Paauw et al. created a high-resolution reference library for implementation in Biotyper software in order to reflect the genetic diversity of the E. coli and Shigella species and to rapidly distinguish the Shigella species from E. coli [13] . However, the reliability of the identification largely depended on the quality and resolution of the spectra, especially the sample spectra. In routine MALDI-TOF MS analysis, the quality of the sample spectra is usually affected by a series of factors, including the type of sample, bacterial state, culture medium recipe, sample pretreatment method and operation and the parameters of the MS analysis [14] . Even if a high-quality spectrum is acquired, the detection and recognition of low intensity biomarkers for the identification of the E. coli and Shigella species is still difficult. To provide a reliable and efficient identification method for the E. coli and Shigella species for clinical diagnostic purposes, the biochemical method and the MALDI-TOF MS technique are combined. A novel high-lactose fluid medium is prepared on the optimized prescription. We added a short-term culture approach, using an in-house developed high-lactose fluid medium, before the routine MALDI-TOF MS assay, which enabled a reliable distinction between the E. coli and Shigella species. Seven MS peaks were newly observed in the spectra of the E. coli species only, which can be used as new biomarkers to distinguish E. coli and Shigella using MALDI-TOF MS.
The limited strains involved in our study and the unknown biomarkers may cause methodological limitations of its application. The distinct mechanism needs to be understood to determine whether the present approach successfully applies to any of the E. coli and Shigella strains. The proposed biomarkers are identified as fragments of acid shock protein, which makes the distinct mechanism clarified. Acid shock protein is encoded by the asr gene in E. coli, which is strongly induced by a high acid environment (pH < 5.0) [15] . Acid shock protein is subject to an N-terminal cleavage of the signal peptide, yielding an 8-kDa polypeptide, which is detected in acid-shocked bacteria. These results indicated that the new biomarkers emerged because of E. coli was under an acid shock condition. To our knowledge, E. coli strains can ferment lactose, by which organic acids are produced [16] . These organic acids are dissolved in the liquid medium, leading a pH reduction of the culture condition, and thus, the E. coli species are stressed to produce many acid shock proteins to protect themselves against the low pH survival condition made by the lactose fermentation [15] . After 2 h incubation, the pH value of liquid medium in E.coli group was 5.2±0.5, which support our hypothesis. Whereas the S. flexneri, S. sonnei, S. bogdii E. hermannii, Shimvellia blattae, E. fergusonii and E. albertii strains do not ferment lactose, while some S. dysenteriae strains ferment lactose slowly (delayed lactose fermentation), which leads to no significant change of pH, as well as the expression of acid shock protein when they survive in a high-lactose condition for a short time. Therefore, our method can be widely applied to differentiate all lactose-fermenting E. coli from Shigella species and other non-lactose-fermenting Escherichia species.
The classification algorithm plays a critical role in the MALDI-TOF MS-based bacterial identification method [17] [18] [19] . BPNN, as an artificial intelligence algorithm, has to be welltrained using high-quality data with a good separation [20, 21] . This gives a satisfying classification result and achieves automatic bacterial identification. Although the new biomarkers are obvious and easily recognized by an analyst, the BPNN model test on the new biomarkers is required. The aim of the BPNN model establishment is to determine whether the new biomarkers provide a high feature separation of the data and further improve the classification efficiency and accuracy. BPNN model I and II were synchronously optimized to investigate the influence of adding a short-term high-lactose approach. The results indicated that the feature separation of data set 1 was higher than that of data set 2, and BPNN model I performed better than BPNN model II. The E. coli and Shigella species were correctly classified, with 97.71±0.16% accuracy, using the BPNN model I. This encourages us to recommend this method for the identification of E. coli and Shigella species in the clinical laboratory. The short-term culture, combined with the MALDI-TOF MS assay, described here provides a novel bacteria identification strategy for allied bacteria groups, which are unable to be identified using the routine MALDI-TOF MS approach.
Conclusion
In the present study, we provide a novel short-term culture approach, with optimized high-lactose fluid medium components, before the MS analysis in order to induce the expression of new biomarkers to distinguish E. coli and Shigella using a MALDI-TOF MS. The new biomarkers increase the data separation, which significantly improves the classification efficiency and accuracy of artificial neural networks. The MALDI-TOF MS spectra of the E. coli, Shigella and other Escherichia strains acquired from the linear positive mode, with mass range from 2000 to 12000 Da. All the experimental strains were cultured on tryptic soy agar for 24 h, with an additional 2 h culture in the in-house developed high-lactose fluid medium followed by sample preparation and MALDI--TOF MS analysis. Newly discovered MS peaks, as identification biomarkers, are marked with the respective mass-to-charge ratio. (TIF) S1 File. Supporting information. The detailed methods of experiments in research work. The bacterial strains for experiments, culture conditions, sample preparation method, MAL-DI-TOF MS data acquisition method, protein identification method and artificial neural networks for bacterial identification were detailed. (DOCX)
Supporting information
